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Abstract. 

The  evolution of oceanographic  conditions  in  the upwelling  region off northern 

Chile (1s" -24"s) between 1996 and 1998 (including the 1997-1995 El Niii) is presented 

using  hydrographic  measurements  acquired  on  quarterly  cruises of the Chilean  Fisheries 

Institute,  sea-surface  temperature (SST), sea  level, and wind speeds  from  Arica (18.5"s ), 

Iquique (20 .5"s ) ,  and  Antofagasta (23.5"S),  and  a  time series of vertical  temperature 

profiles off Iquique. Spatial patterns of sea  surface  temperature  and  salinity  from May 

1996 to March  1997 followed a  normal  seasonal progression though  conditions were 

anomalously cool and fresh.  Starting in March 1997,  positive  anomalies  in  sea level 

and  sea  surface  temperature  propagated  along  the  South  American  coast  to 37"s. 

Nlaximum sea level anomalies  occurred  in  two  peaks  in  May-July 1997 and  October 

1997-February  1998,  separated by a relaxation  period.  Maximum  anomalies  (2°C  and 0.1 

practical  salinity  units or psu)  extended  to 400 m in  December 1997 within 50 km of the 

coast.  March 1998 presented  the  largest  surface  anomalies (>4"C and 0.6 psu).  Strong 

poleward flow (20-35 cm s") occurred  to 400 m  or  deeper  during  both  sea level maxima 

and weaker (10 cm s") equatorward flow followed each  peak.  By  May 1998, SST 

had  returned  to  the climatological  mean  and flow was equatorward  next  to  the  coast. 

However, offshore salinity  remained  anomalously high due to a tongue of SubTropical 

LVater extending  southeast along the  Peruvian  coast.  Conditions off northern  Chile 

returned  to  normal  between August and  December 1998. The  timing of the  anomalies 

suggest a, connection to equatorial waves. The progression of the 1997-1998 El Niiio was 

very similar  to that  of  19S2-1983 though  with different timing with respect to seasons. 
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1. Introduction  and  Background 

Introduction 

The  coastal  ocean off northern  Chile  between 18" and 24"s (Figure 1) is characterized 

by wind-driven  coastal  upwelling,  which  leads to elevated  biological productivity.  The 

region is embedded  in  the  Peru-Chile  Current  System.  Water flowing eastward  in  the 

South  Pacific  Current  (West  Wind  Drift)  reaches  Chile  between 35" and 45"s and  splits 

into  the  southward flowing Cape  Horn  Current  and  the  northward flowing Peru-Chile 

Current,  also  known  as  the  Humboldt or Peru  Current.  Although  the  circulation  in  this 

region is often  portrayed  in  schematics  as  simply  equatorward,  it is a complex  system 

(Strub e t  a/ . ,  1998) comprising  nearshore  and offshore equatorwa.rd  branches, a poleward 

undercurrent  next to the  coast,  and  one  or  more  surface  poleward  countercurrents that 

may  be  connected to  the  undercurrent. 

Monthly  averaged  winds off northern  Chile blow from the  south  or  southwest 

year-round  with  speeds of 3-6 m s-'. The  maximum is in  austral  summer,  unlike off 

the  Peruvian  coast  where  the  maximum wind  occurs  in fall- winter.  Wind  speeds  are 

lower and  the seasonal  cycle  weaker  in the  northeast  corner,  where  the  coastline changes 

from a zonal to a  more  meridional  orientation.  The  equatorward  winds  drive  coastal 

upwelling,  which  lifts the  thermocline/nutricline,  supplying  nutrients  to  the  surface  and 

enabling  phytoplankton  growth.  This t r a n s h e s  into a, strong fishery  for small pelagic 

fish. .Approximately  two  million metric  tons (LIMT) of anchovy and  sardines  are  landed 

during  normal  years off northern  Chile  and  make up one  third of the  total Chilean  catch. 
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The seasonal  variation in the  hydrographic  patterns in this region results  from  the 

solar  cycle and  shifts in transport of the  major upper-ocean  water  masses.  Long-term 

hydrographic  measurements of the region (Blanco et  al., 2000) have  been used to 

define the regional  characteristics of these  water  masses. XX The  warm (>18.3"C) 

and  salty  (>34.9)  Subtropical  Water (STW), observed at  the  surface,  has  its  source 

northwest of Peru.  The cooler  (-l2.5.C)  and  relatively  salty (34.7-34.9) Equatorial 

Subsurface  Water (ESSW) makes  up the poleward  undercurrent  between 100-300 m 

depth  near  the  continental slope. STW and ESSW are of equatorial/subtropical origin 

and  their  influence is maximum  in  the  northern  portion of the  study  area  and decreases 

to  the  south.  The cool (-12") and fresh (-34.25) Subantarctic  Water  (SAW)  has 

a far  southern  source  and is found below the  STW offshore and  above  the  ESSW 

closer to  the  coast. Below 500 m the influence of the cold ( -7")  and fresh (-34.4) 

Antarctic  Intermediate  Wa,ter (XIW) can  be  seen. SST and  surface  salinity  present a 

strong cross-shelf gradient in spring  and  summer  due  to  warming of offshore  waters and 

upwelling of cool,  fresher  water (a combination of ESSW from the  poleward  undercurrent 

and SAW) near  the  coast.  The  meridional  gradient  results  from the northern influence 

of warm,  salty STW at  the surface.  In  winter  and  fall, the  surface fields are usually 

homogeneous  with a weak north-south  gradient.  Blanco e t  a!. ('2000) describe  t,he 

climatological  seasonal  cycles of wind  forcing,  water  properties, and  circulation  between 

18" and 24"s. 

This region is subject to large  interannual  variability  associated  with  the El 

Nifio-Southern Oscillation (ENSO) 'cycle'.  Conditions that  are  typically  att,ributecl  to 
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the El Niiio or  warm  phase  include  (Bernal et  al., 1982; Blanco  and  Diaz, 1985;  Fonseca, 

198.5): enhanced  poleward  transport of warm,  saline  water of equatorial  origin  at  the 

surface  and in the  poleward  undercurrent,  high  sea levels and SST, and low oxygen 

concentrations.  Equatorial waves also propagate  into  the region as coastal  trapped 

waves with  periods of  5-50 days  (Enfield et al., 1987; Shaffer e t  al., 1997). The poleward 

advection of equatorial  water at the surface  (due  to waves or increased  poleward 

currents)  depresses the  thermocline  and  nutricline,  thus  reducing  primary  productivity. 

Although  the  relationship  between  oceanographic  conditions  and fish production is 

complex, El Niiio periods  tend to coincide with both  a  reduction  in fish biomass  and 

with  changes  in the  dominant  species  from  anchovy  to  sardine. 

El Niiio off Chile 

Philander  (1990), Neelin et al. (1994),  Battisti  and  Sarachik  (1995),  and Neelin 

and Latif  (1998)  review the  equatorial  dynamics of atmosphere  and  ocean  associated 

with  the ENS0 phenomenon.  Strub e t  al. (1998) summarize  past  observations of El 

Niiio effects  along the coast of Ecuador,  Peru,  and Chile. The  physical  aspects of 

interest  include: (1) changes  in  sea level and  currents; (2) changes  in the  distributions 

(horizontal  and  vertical) of water  properties; ( 3 )  the connection  between  local  conditions 

and local and  distant  forcing;  and (4) links to  the biology. Here we consider the first 

three.  reserving a description of the biological conditions for a separate  analysis. 

The connection  between  changing  coastal  conditions off Ecua.dor,  Peru,  and  Chile 

and  equatorial Lvaves and  currents was clearly  established  during  t,he 1982-1983 El Niiio. 



Increased SST and  depth of isotherms along the  equator  at  S2.5"Wpreceded  changes 

in  October 19S2 at 2"s (La Libertad) by two months  (Cucalon, 1957) and  changes  at 

10"Soff Peru followed within  days  (Smith, 1953;  Huyer e t  al., 1957). Off Chile,  the 

event was tracked  in  sea level  down the coast to  at  least 33"s (Fonseca, 1955; Bilbao, 

1992).  Tide  gauge  and  current  meter  data  have been  used to connect  coastal  trapped 

waves (CTW) along  Peru  and  Chile  and  the  equatorial wave guide  (Smith, 1975; Brink, 

1982,  Enfield e t  a/ . ,  1987; Cornejo  and  Enfield, 1957; Shaffer e t  al., 1997). Shaffer e t  al. 

(1997)  recently  identified  CTWs  with  nominal  periods of 5,  10,  and 50 days  in  current 

meter  records  along  the  Chilean  continental  slope  at 30"s and  found a connection  with 

currents  and winds 15,000 km away  on the  equator  at  the  international  date  line.  CTWs 

are  thought  to  increase  in  strength  during  the  onset of El Niiio events  (Enfield e t  al., 

1957;  Shaffer e t  al. 1997). 

Persistent  and  strong  currents,  associated or not  with waves, are  capable of 

advecting  water  masses long distances.  The  onset of El Niiio off Peru is signaled by 

increased  poleward  currents for approximately 2 months.  The  average  current  speed 

over the shelf at 55 m depth  during  the El Niiio period of April-May 1976 at  15"s was 

23 cm s-' compared to 9  cm s-' during a similar  period  a  year  later  (Smith,  1953). 

Similarly,  currents over the shelf at 100 m  depth  at  10"Sincreased  to 25 cm s-l during 

October-November  1952,  compared  to 4 cm s-l the previous  year (Smith,  1953).  The 

accelerated flow translates over a 2-month  period  to  an  increased  displacement of 

700-1000 k m  (7" -10" of latitude). 

Changes i n  the  dist,ribution of water  properties  result  from  the  horizontal  and 
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vertical  displacement of water  masses.  Blanco  and  Diaz  (1985)  documented the 

appearance off northern  Chile of warmer  and  saltier  surface  water  in  December 1982 

and  its  disappearance  in  December 1983.  Fonseca  (1985)  traced  increased  SSTs at 

Chilean  harbors  to 35's (Talcuahano)  in  early 1983. Lower oxygen concentrations  along 

the coast  were attributed  to increased  transport  in  the  poleward  undercurrent  (Fonseca, 

1985).  This is consistent  with  the  increased  volume  (and  temperature) of ESSW (with 

respect  to  climatological values) from  December  1982 to  June 1983 off Antofagasta  and 

Arica  (Blanco  and  Diaz,  1985).  Changes in vertical  distributions  are  usually  noted as 

displaced  isotherms.  Deepened  surface  isotherms were  seen  offshore at  10"s in  November 

1982 (Huyer et  aL7 1987)  and  at  18"S,  20.5"S,  and 24's in December 1982 (Blanco  and 

Diaz, 1985).  An  exact date of isotherm  deepening is unknown  as there were no  transects 

for many  months  prior  to  November. 

It was origina,lly thought  that  changes  in  sea level and  thermocline  depth were 

caused by a decrease  or  reversal of local  upwelling-favorable  winds.  However,  measured 

winds off central  Peru  (Smith, 1983) during  both  the 1976 and 1982-1983 warm  periods 

continued  to  be  strongly  equatorward.  Equatorward  winds  at  the  coast  actually 

increased at 12"s during  the 1982-1983 event,  but  decreased  at S'S, responding  to 

changes  in the  location of the ITCZ and  the  South Pacific High (Huyer e t  nl., 1987). 

Fonseca  indicates  that  even  though  the  South Pacific High weakened during  parts of 

the l9S2-1983 El Nixio, Chilean  coastal  winds  were  still  equatorward  and  therefore 

up~~elliIlg-favorable. 

Below we examine  the changes  in  forcing and  ocean  conditions off northern  Chile 



during  the 1996-1995 period.  Quarterly  surveys  carried  out by the  Chilean  Fisheries 

Institute, IFOP (Instituto  de  Foment0  Pesquero), allow a more  detailed  analJ-sis  than 

was previously  possible. Likewise, a recently  compiled  hydrographic  climatology, 

consisting of 30 years of physical  conditions  and  circulation  (Blanc0 e t  al., 2000), 

provides a basis against which to quantify  the  magnitude of the  observed  changes. 

Section  2  describes the sources of data used in the  study.  The  results  are  presented in 

Section 3, followed by  discussion  in  Section 4 and a summary in Section  5. 

2. Data and  Methods 

Hydrographic Surveys 

IFOP presently  makes  quarterly  hydrographic  surveys off northern  Chile  between 

18"s  and 24"s (Figure 1). This  study focuses on data from  9 of these  cruises  (May 1996 

to  May  1998) during which 7  stations  are  occupied  along  each of 5 offshore transects 

separated by  148 km  (35  stations  total).  Stations were located  1.8, 9.2,  15.5,  37, 74, 

129.6, and 185 km  from  the  coast.  Temperature  and  salinity were measured  continuously 

to 500 db with a SeaBird CTD (model  19)  equipped  with a General  Oceanics  rosette 

with 12 Niskin bottles of 1.7 1. Oxygen  concentrations were calculated  using the modified 

Winlder  titration  method.  Salinities  measured  with  Autolab  induction  salinometers 

from  water  samples  collected at  standard  depths  and  temperatures  from reversing 

thermometers were used to  calibrate  the CTD. Over 30 years  (1964-1996) of data 

collected i n  similar  surveys were used to  calculate  a  climatological  mean to quantify of 
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anomalous  conditions.  Since  the  sampling  period  spanned  the  three El Niiio events as 

well cold periods (e.g., 1988),  the  climatological  mean is representative of both  'normal' 

and  anomalous  conditions.  Blanco e t  al. (2000) present  the  three-month  (seasonal) 

climatology of the region.  Anomalies of the variables for the  nine  cruises  discussed  here 

were calculated  using a monthly  climatology of the 30-year data set  (Blanco,  1996) to 

minimize  possible  noise due  to  the cruise  occurring at the begining  or  end of a season. 

Time Series from Coastal  Locations 

Wind  speeds  from 1970-1998 were obtained  from  the  Direccih Meteorol6gica 

de  Chile for airports  located  near  Arica  (18.5"S),  Iquique  (20.5"S),  and  Antofagasta 

(23.5"s ). Monthly  sea  surface  heights (1975-1998), adjusted for the inverse  barometer 

effect, were obtained  from  the  University of Hawaii Sea Level Center for tide  gauges at  

-4rica  and  Antofagasta.  Monthly  sea  surface  temperatures (SST) calculated at Arica, 

Iquique,  and  Antofagasta  during 1960-1997 were provided by the Servicio  Hidrogrifico 

y Oceanogrifico  de la Armada  de  Chile.  The  climatological  monthly  means of these 

variables  (Blanco et  ai., 2000) were  used here to  form anomalies  for the period  between 

1980-1993. These  coastal  time series  place the  hydrographic  surveys  in  the  context of 

the  evolution  between La Niiia and El Niiio conditions. 

The best  oceanographic  temporal  context,  however, is provided  by a time series of 

\.ertical profiles of temperature,  measured  approximately 10 k m  offshore of Iquique, in 

water over 500 n1 deep. Profiles are  obtained  every 2-3 weeks (more  frequently  when El 

Siiio  events  are  recognized).  This  invaluable  time  series of profiles has  been  maintained 
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by the IFOP with  assistance of personnel at  the Universidad  Arturo  Prat  (arrows in 

Figure 2b indicate  sampling  times). 

3. Results 

Coastal Time Series 

Monthly  sea  level  anomalies  from  tide  gauges  located  along  the  South  American 

coast  between the  equator  and  37"Sfor  the  period 1980-1998 (Figure 2a) do  not allow 

analysis of phase  propagation  but  clearly  reveal  the  strength  and  extent of persistent 

sea  level  changes. The 1997-1998 and 1982-1983 El Niiios were the  dominant  events in 

this  period  and were comparable  in  magnitude  and  duration. In each  case,  sea  level 

anomalies  exceeded 25 cm off Peru  and  northern  Chile. In both  events two sea level 

maxima were separated by a relaxation  period.  Though  sea level anomalies were greater 

than 10 cm  between the  equator  and 37'S, they were  most pronounced  north of 20"s. 

Iquique (20.5's ) ,  in the  center of our region of interest, is at  the  southern  limit of 

the  stronger  and  more  persistent  sea level  response  in 1997-1998 (Figure 2a). The  time 

series of temperature profiles from  Iquique is presented in Figure 2b as a time-depth 

plot,  using  the  same  time  axis.  The two  largest  and  most  persistent  disturbances in 

subsurface  water  properties  occurred  during  the 1982-1983 and 1997-1998 El Niiios. 

These  data  must  be  interpreted  with  some  caution given  uneven sampling  frequency. 

Sampling was unfortunate1)-  sparse  during  the 1982-1983 e\-ent  with  only 9 cruises 

between January 1922 and December 19S3. The 1997-19'3s El Siiio was better  sampled 
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and 30 profiles were obtained between  .January  1997  and  September 1998. The isotherms 

deepened  with the  two  sea level maxima,  in mid-1997 and  again at  the  end of 1997 and 

beginning of 1998. In  late 1997, the  15"Cisotherm was deeper  than  250m,  its  most 

extreme  depth  value  on  record. 

Monthly  anomalies of adjusted  coastal  sea level, coastal SST, and winds  for the 

1980-1998 period at  locations  between 18" -24"s are shown in  Figure 3a. Sea level and 

SST anomalies  from the  northern and southern  boundaries of the  domain were  greatest 

during  the 1982-1983 and 1997-1998 events,  as  expected  from  Figure 2. However, the 

alongshore  wind  speed  anomaly  from  Iquique  only  surpassed 1 m  s-l  in 1982-1983: 

the  anomaly was upwelling-favorable  in late 1982 in the first  period of high  sea level 

and downwelling-favorable  in 1983 during  the  second  maximum.  Minimum  average 

alongshore  winds  from the climatology  (which  occur  in  winter)  are 2.5 m s-l (Blanc0 et  

ai., 2000), so anomalies below 2 m s-l (Figure  3a)  can  enha,nce or reduce  upwelling,  but 

cannot  lead to downwelling. 

Although  monthly  averages  cannot  clearly  distinguish  the El Niiio signal  from 

intraseasonal  variability  due to coastally-trapped waves, we present  them below to 

provide a context to the observed hydrographic  changes.  The  expanded view of 

199.5-1998 (Figure  3b)  indicat,es  that  although  two  distinct  maxima  occurred  in SST at 

the  three  coastal  stations,  the  relaxation  between  the  peaks in sea level was not clear 

in the n0rt.h (.Arica). SST maxima were almost  synchronous at  the  three  locations  and 

follon.ed those of sea level by one to two months. LVind anomalies  were  moderately 

upn.elling-favorable (in  the  south) or weak at  the onset of t,he first pulse  in  May 1997, 
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then  became  mildly downwelling-favorable in  the  northern half of the  domain  (Arica 

and  Iyuiyue)  until  the  relaxation.  Continued  moderately downwelling-favorable  wind 

anomalies at  Arica  may  explain  the lack of a relaxation in  sea  level  there.  During 

the second  pulse (December 1997 - January 199s) the downwelling-favorable  wind 

anomalies in the  north  cannot  account for the onset of high sea levels and  SSTs  in 

May, although  it  may  have  enhanced  the  signal  in  the  north  after  the  first  pulse  and 

limited  the  relaxation.  The  normal  summer  winds  during  December 1997 - March 1998 

in  the  southern  part of the domain  cannot  account for the observed  anomalies  in  sea 

level, SST, and  isotherm  depth  during  the  second  pulse.  Comparable wind anomalies in 

preceding  years  (all of 1984 and  early 19S5 in  Figure 3) were accompanied by moderate 

depressions  in the  13"Cisotherm,  and a smaller effect on the  15"Cisotherm.  These 

factors  point to non-local  forcing as the  cause for the observed  anomalies. 

Observations  along the  equator  in  the  Eastern Pacific  reveal that  pulses of high 

SSTs  and  depressed  isotherms  arrived off the  coast of Ecuador  in  March 1997 (briefly), 

May-August  1997 and  October 1997 - February 1998 (Ch&vez et a!., 199s).  The  timing 

of the pulses  of high sea level and SST off northern  Chile is consistent  with  an  equatorial 

source in May-August  and  November-February. 

The best  evidence  for  an  equatorial  connection comes  from temperature profiles 

and  tide  gauge  sea  levels  from  Peru  and  Chile.  Elevated daily sea levels (not  presented) 

at  the beginning  of 1,lay 199'7 propagated  poleward  from  Baltra  (at  the  equator)  to 

Talcahuano (:3'7"S ) in about 11 days,  corresponding  to an approximate phase velocity 

of 250-300 knl day". By cont,rast to  the  transient  event in March, sea levels remained 
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persistently  high for  several  months.  The  same  timing  in  the  depression of isotherms 

measured off Iquique at  20.5"s was observed  in  temperature profiles (not  presented) 

from 1996-1995 off Ecuador  at 2"s (La Libertad,  data provided  by INOCAR) and  Peru 

at  12"s (Callao, data provided by IMARPE). All three  time  series show  two  pulses 

separated by a relaxation?  although  the  pulses  lasted  somewhat  longer  at 2"s (CPPS, 

1999). A similar  sudden  warming was also  observed  in  early  May  1997  in a bay  north 

of Antofagasta,  but  the  time  series  (to  August 1997) ended  before the  relaxation  and 

second  pulse  (Escribano,  1998).  These  signals followed those  at  the  equator (ChAvez 

et  al., 199s)  supporting  the  connection  to  equatorial  events.  These  data  illustrate  the 

need for time series of subsurface  conditions to  facilitate  interpretation of surface signals 

(SST, sea  level) that  may respond  rapidly to local  forcing. The  hydrographic cruises 

provide  additional  evidence  on  the  role of CTWs. 

Hydrographic  Cruises  Prior to  and  During  the El Niiio: May 1996 - March 

1998 

Surface  fields of temperature  and  salinity  between May 1996 and  March 1998 

are shown  in Figures 4 and 5 along with their  associated  anomalies.  Figures 2 and 3 

provide a temporal  context for the surveys.  The first three  cruises  (May,  September, 

and  December 1996) occurred  during  the low sea level, cold period (La Nina) prior  to El 

Niiio conditions  while the March 1997 cruise  corresponds  to  transitional  sea levels and 

coastal  SSTs. May and December 199; surveys were made  during  the first and second 

pulse of high sea level  respectively,  and  August 1997 was either  near  the  end of the first 
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pulse in sea level or  in  the  relaxation  period.  In  March 1998, sea levels at  Antofagasta 

had  returned  to  normal,  although  sea levels at Arica  and  coastal SST values throughout 

the region were still  high. By May  1998, sea levels and SSTs  were again below the 

climatological  mean,  similar  to  those of 1996 prior to  the onset of El Niiio. 

The seasonal  progression of SST patterns  (Figure  4a)  from  May 1996 to  March 

1997 was approximately  normal:  the offshore gradient  disappeared  and  the  north-south 

gradient  weakened  in  winter  (September 1996) and  both were re-established  in  spring 

and intensified in  summer  (December 1996 - March  1997). However, the surface was 

generally  cooler (-1 to  -3°C) (Figure  4b).  The  temperature  anomalies were consistent 

with less equatorial  water (STW) offshore (e.g.  in the  northeast  in  May  1996)  and 

stronger upwelling in  the  center of the  domain  (maximum  in  December 1996 and 

March  1997).  In  March  1997, the  23"Cand  24"Cisotherms  extended  further  south  than 

climatology,  leading to a weak positive SST anomaly  and  a  stronger cross-shelf gradient 

than usual. 

May and  August 1997 SSTs were approximately 3°C warmer than  the previous 

year.  By  May 1997  offshore SST exceeded 21°C throughout  the  domain  (Figure  4a), 

creating  positive  anomalies of 1-3°C in  the  south  (Figure  3b).  Typical  fall upwelled 

water was absent  escept  at  21.5"s , so coastal  anomalies were approximately 1-2°C. 

The  disappearance of the meridional  gradient led to  stronger SST anomalies i n  the 

s0ut.h. August 1997 presented  the  usual wint,er  homogeneous SST field north of 23"S, 

but. ivit,h higher  temperatures (2-3°C ) .  In  December 1997 the  usual  spring offshore 

gradient was essentially  absent  except  at  21"s  consistent  with  ongoing upwelling. SST 
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anomalies  ranged  from 1" to  2-4°C.  The  gradient  increased in March 199S, in  response 

to offshore heating  and  coastal upwelling and  the  total  area of anomalously  warm  water 

was reduced.  Anomalies were minimum  at  21"s  but  remained  at 2°C or  more  to  the 

south  and  north. 

Climatological  surface  salinity  patterns  are  similar to those of SST (Blanco e t  

ai., 2000).  From May 1996 through  March 1997 the seasonal  progression  was  normal 

(Figures  5a  and  5b)  with  generally lower salinity values (anomalies of 0.1-0.3 practical 

salinity  units  or  psu). The characteristic  meridional  salinity  gradient  (Blanco et  al., 

2000) was observed,  but  the cross-shelf gradient was weak. Positive  (in May  1996)  or 

weak negative  anomalies  occurred close to the  coast.  Negative  anomalies were strongest 

offshore (maximum  in  September  1996),  consistent  with  the  decreased  influence of STW 

(similar to that inferred  from the cool SST pattern). 

The upwelling-induced cross-shelf gradient was close to  normal  in May 1997, but 

hhe salinity values  were  slightly above  climatology,  leading to positive  anomalies  (<0.1 

psu) in most places. This  cruise  revealed a transition  from cool and fresh to  moderately 

warm  and  salty  anomalies.  The  typical  uniform  winter  pattern  in  August 1997 was 

restricted  to  the  north; a meridional  front  near  21"Sand  momalies of order 0.2-0.3 

psu  suggested  increased  poleward  transport of STIV. Upwelling re-established  the 

offshore gradients i n  spring  and  summer  (December  199i  and  hlarch  199S),  but values 

remained  anomalously high by 0.2-0.6 psu. XIasimum  anomalies  occurred  in the  south 

in December 1997. reflecting the  reduced  north-south  gradient. 

Cross-shelf transects of the  vertical  distribution of temperature,  salinity,  and 
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oxygen at 21"s  (Pta. Lobos in Figure l),  and  the  anomalies for temperature  and 

salinity,  changed  significantly  during  the  study  period  (Figures  6, 7, and 8). From 

May 1996 to March 1998 isotherms  shoaling  towards  the  coast  indicate  near-surface 

upwelling. From  May to  December 1996, the surface  mixed  layer  was  exceptionally 

shallow and  temperatures  in  the  upper 100 m were lower than  climatology  (Figure 

6).  The 13" C isotherm was shallower during  this  period  than  its  usual  upper  limit of 

lOOm (Blanco et a/ . ,  2000). This  shoaling of the  thermocline  led to  maximum  negative 

anomalies of 2-3°C at 30-50 m  (Figure  6b),  where  the  vertical  temperature  gradient 

is normally  maximum.  The  poleward  undercurrent,  indicated by spreading  isotherms 

between  12°C and  13°C , was stronger  than  normal  during  May  1996,  creating weak 

positive  anomalies below 200 m.  The  temperature  structure below 100 m was similar to 

the climatology  between  September 1996 and  March 1997, as indicated by anomalies of 

less than  1°C. In  March 1997, a stronger  and  deeper  thermocline offshore  led to warm 

surface  anomalies  (>2"C ) .  

By the  time of the first  sea  level  peak  in  May  1997 the  subsurface  thermal  structure 

had  changed  substantially.  The  13"Creached 200 m at the  coast,  though  it was close 

to  normal 150 km offshore. The  undercurrent  appeared  to  be  st,rong,  with  maximum 

isotherm  slopes  approximately 100 km  from  the  coast.  Anomalies of over  1"Cextended 

to 500 m  inshore of 100 km.  The  anomaly  at 40 m  depth (24°C  ) was greater  than 

at  the  surface  (Figure 4b). During  the  relaxation  between  pulses  (August  1997),  the 

isotherms were level and positive  anomalies (2-3"C ) were restricted  to  the  upper 100 

nl  (Figure  3b).  December 1997, during  the second  sea level maximum,  presented  the 
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most  extreme  anomalies  at  depth.  The  undercurrent was relatively  strong,  with  steepest 

isotherm  slopes at approximately 100-200 m  depth  within 100 km  from  the  coast. 

Near-shore temperature  anomalies  surpassed 2-3°C to 300 m.  Offshore  stratification 

was enhanced  at  the  thermocline (30- 50 m),  creating  anomalies of 3-4°C . In  March 

1998, the  undercurrent was reduced  or  absent  and the  entire  water  column below 100 

m was 2°C cooler than  in  December.  Anomalies below 200 m  had  reversed to become 

weakly negative  although  high  positive  anomalies  (4-5°C)  persisted  in  the  upper 100 

m. Generally, the  intensity  and  extent of the subsurface  anomalies  did  not  correspond 

directly to  the those at the surface  (Figures 4b and  6b). 

The  salinity  transects,  though  generally  similar  to  those of temperature,  help clarify 

water  mass  distributions  (Figure  7a). In  May 1996 the  salty STW (here  only  slightly 

over  35.0)  could  be  distinguished at the surface  in the offshore region.  SAW (34.4-34.5) 

was found  underneath  the STW offshore,  while  relatively salty ESSW (34.9) was found 

near  the  coast  between 100-300 m  in the undercurrent  and  upwelling  into the  upper 50 

m.  From  May to December 1996, both STW and SAW were fresher than climatology, 

leading to negative  salinity  anomalies of up  to 0.4-0.5 at 30-50 m  (Figure  7b).  The 

a,nomalously  fresh  intrusion of SAW continued  through  December of 1996, almost 

reaching the coast  in the upper  100m.  In  September  and  December 1996 no  STW water 

was evident  above S.4W. The  salinity  masimum of the  undercurrent  in  December 1996 

was weaker than  the climatological  spring field: producing  negative  salinity  anomalies 

nest  to  the  coast  at  depth. In >larch 1997 salinities were close to summer climatology 

with  patchy and weak nega.tive anomalies i n  the  upper 100 m. 
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In May 1997 anomalies over  most of the  water  column  changed  from weakly 

negative  to  positive,  concurrent  with  those of subsurface  temperature  (Figures 6 and 

7). An  intensified and shallow undercurrent  brought  saltier ESSW (34.9-35.0)  into 

the region within 100 km of the  coast, while a deep  layer of STW (>35.0) extended 

throughout  the  transect.  The  fresh  tongue of S.4W in the west was depressed by the 

increased  volume of STW and  its  eastward progression was limited by the  undercurrent. 

Anomalies  were  positive  in the  upper 50 m  through  the  transect  and  within  125km of 

the coast to 500 m  depth, while negative  anomalies  were  found  offshore at 75-100 m 

(Figure  7b).  During  the  relaxation  in  August 1997 the  surface  layer was deeper  and 

more  saline,  creating  positive  anomalies of 0.3  psu  in the  upper 50 m. As in temperature, 

December 1997 presented  the  greatest  changes  at  depth,  with  positive  salinity  anomalies 

to 400-500 m  near  the  coast  and  to 100 m offshore. In  December 1997 a tongue of 

STW (35.5)  penetrated  the  upper 50 m,  surfacing  within 50 km of the coast  in  March 

199s.  Maximum  anomalies  (0.5-0.6) were  observed  offshore of 100 km in the  upper 50 

m  in  December 1997 and March  1998.  Nearshore,  upwelling of fresher  water  reduced 

the  anomalies  to 0.2-0.3. SAW was present  at  greater  depths  than  usual  in  the offshore 

half of the  transect,  creating  negative  anomalies  (0.1-0.2)  slightly below 100 m  depth. 

In March  199s the  upper SO m were  anomalously  saline (STW). Below this,  the  water 

column was fresher  t'han clima.tology due  to a decrease  in the  undercurrent. 

The climtological  seasond  variation in oxygen concentrations in the  upper 100 m 

is weak (Blanco et  nl.: 2000). \'slues surpass 5 nd 1" in a 50 m  deep surface layer 400 

k m  offshore and  shoaling  to  the  surface at the coast. The 0.5 ml 1" isopleth is found 
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at 1'35-150 m offshore and shoals to 7.5-100 m at  the  coast;  this  slope  increases  slightly 

in spring  and  summer.  Minimum oxygen concentrations ( <  0.5 ml 1-') occur  between 

12.5 and 450 m  in the ESSW carried by the poleward  undercurrent.  From  May 1996 to 

March 1997 the  vertical  gradient in  oxygen concentration  above 100 m was enhanced  due 

to  the combined effect of high  subsurface  oxygen,  associated  with  onshore  penetration 

of SAW, and  an intensified  undercurrent  (Figure 8). The 0.5 ml 1" isopleth was above 

100  m due  to  the  increased volume of low oxygen ESSW. 

In  May  and  December 1997 and March  1998 the surface  layer of high  oxygen 

concentrations  deepened  to 100-150 m,  as STW and SAW extended  from offshore 

to  the  coast.  In  August 1997, during  the  relaxation  between  pulses, the low oxygen 

concentration  core  shoaled  and  the  upper  layer of high  oxygen concentrations  thinned 

to  less than 100 m.  During  the  El Niiio period  (May 1997 to March  1998) the vertical 

gradient was weaker than  the previous  year a.s both STW and S.4W overlaid the ESSW. 

T-S diagrams  from  the  transect  at  21"Sfrom  each  cruise  summarize  the  relative 

influence of the different  water  masses  (Figure  9).  Between May and  December 1996, 

there was a much  stronger  influence of SAW (the  subsurface  relative  minima  in  salinity) 

and a weaker  influence of STW than is usually  found at  this  latitude  (Blanco e t  

a!., 2000). The seasonal  progression  resembled more closely that  normally  observed 

further  north in sections off Antofagasta at  23"s (Blanco e t  a/..  2000). There was 

virtually  no STiV in September  and  December 1996. The T-S characteristics of March 

1997 represent a transition  between La Niiia and El %io conditions  and  resembled 

climatological  values at this  latitude,  except for a stronger influence of SAW in the most 
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offshore profiles and a warmer,  more  saline  upper  layer. 

In May  1997 the T-S characteristics of the  upper  layer reflect the influence of STW 

and  resembled  the  climatological T-S characteristics  from  Arica, to  the  north. SAW 

remained  (as  a  mid-depth  minimum  in  salinity)  through  blarch 1998 in the offshore 

profiles. Though  salinity values  corresponded to  SAW at this  latitude,  the  temperature 

was higher and  the  thickness of the layer (temperature  range) was less than in the 

seasonal  climatology  (Blanco et  ai., 2000). From  May 1997, the  upper  part of the water 

column  became  progressively  warmer  and  more  saline.  By  March 1998, the T-S values 

were close to  those of pure STW and  much  higher  than  those of the modified STW 

usually  found  in  this  region.  The ESSW was warmer  and shallower than  usual  from May 

1997 to March 1998. The  characteristic  salinity  maximum  due  to ESSW disappeared 

as the  salinity  increased in the  upper  part of the water  column.  Results for May and 

August 1998 are  discussed  later. 

Geopotential  anomalies  (scaled like dynamic  heights)at  the  surface  and  at 200 

db relative to 500 db  portray  surface  and  subsurface (200 m)  circulation  respectively 

(Figures  10a  and  lob).  Surface flow was primarily  equatorward  from  May 1996 through 

March 1997. Equatorward flow was stronger in the  north  than in the  south  during Play 

1996 and  March 1997. In  September  and  December 1996, equatorward flow within 100 

km of the coast was stronger  and  more  uniform  throughout  the  study region than  in  the 

climatology  (Blanco e t  nl.. 2000). This is consistent  with  the  colder,  fresher  water in 

the surface laxers (more S.-\LV, less ST\\’). During  the  same  period (hlay 1996 through 

hlarch 1997) flow at, 200 m was primarily  poleward,  strongest in  May 1996 and March 
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1997 (Figure  10b).  The increased  poleward flow in  March 1997 corresponds  to  the 

seasonal  progression, as the undercurrent  maximum is in  summer  (Blanco e t  al., 2000). 

Stronger  poleward flow in May 1996 is consistent  with  the  increased  thickness of the 

salty  undercurrent  (Figures  6a,  7a,  and  9). 

In  both May and  December 1997 (the  two  sea level peaks),  strong  poleward  currents 

were found at both  the  surface  and  at 200 m  (Figure lo) ,  with  onshore flow in  the  north 

of the  domain.  This is consistent  with  the  increased  volume of STW at   the surface 

and  with  the  subsurface  layer of SAW stretching  onshore  in  the  north.  In  contrast,  the 

relaxation  period (.August 1997) presented  equatorward flow in the  center of the  domain, 

onshore flow in the  south,  and offshore flow in the  north.  The  currents  in  the  upper 200 

m switched  from  relatively  baroclinic  (opposite  directions at  the  surface  and  at 200 m)  

during  the  year  preceding  the El Niiio, to  relatively  barotropic  (currents  in  the  same 

direction)  during the  sea level pulses  and  immediately following them.  In  March 1998, 

the flow was strongly  equatorward  in  the  northern  and  southern  parts of the  domain  and 

there was no  poleward  component,  although the climatological  undercurrent  maximum 

is in  summer.  This is consistent  with weak ESSW, collapse of the oxygen  minimum,  and 

minimum cross-shelf slope of isotherms  and  isohalines. 

Temporal  evolution of the  vertical  structure of alongshore  velocity  can be visualized 

in offshore sections of geostrophic  velocity  relative to 500 db  (Figure 11). Flow  in the 

year  prior to  the El Yiiio wa.s generally  weaker and  more  complex  compared  to  that 

during  the t,wo pulses of high  sea level in May and  December 1997. May 1996 and  &larch 

1997 presented  large  vertical  shear. Below 100 m,  the flow was relatively  barotropic, 
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with  alternating cross-shelf bands of equatorward  and  poleward flow caused  by  eddies 

and  meanders.  During  May  and  December 1997, strong  poleward flow extended 

throughout  the  water  column,  with  subsurface  maxima of 20-35 cm s-' centered at 

100 m. Following the poleward  pulses, flow was again  more  complex  and  generally 

equatorward with maxima  (relative  to 500 m)  of about 10 cm s-'. 

Hydrography  after  the El Niiio: May 1998 

By  May  1998,  alongshore  winds,  coastal  sea  levels  and SSTs were near  climatological 

seasonal  mean values (Figure 3).  The  eastern  equatorial Pacific was engaged  in a rapid 

transition  to La Niiia conditions  (Neelin  and  Latif,  1998).  During  the  May  1998  cruise, 

SST and  surface  salinity  adjacent  to  the coast approached  normal  seasonal values 

(anomalies  <1"C , -0.1 psu)  due  to  coastal upwelling (Figure  12). SST was  close to 

climatology  in  most of the region but offshore salinity,  and  nearshore at 19.7"S, was 

still very  high  (35.4-35.6). The largest  anomalies  (2"Cand 0.5 psu)  occurred 20-40 km 

offshore at 19.7"s.  The  surface  and  subsurface  geopotential fields indicated that this 

patch was associated  with  strong  onshore flow of warm,  salty  water  at 20" -21"s  around 

an  anticyclonic  eddy  (Figure  12). 

Cross-shelf sections of temperature,  salinity,  temperature  anomaly,  salinity  anomaly, 

oxygen and  alongshore  geostrophic velocity at 21"Sare presented  in  Figure 13, for 

comparison  to  Figures 6, 7  and S. Unfortunately,  these  sections  sample  the  southern 

edge of the  eddy in Figure 12. The associated  salinity  anomalies  do  not  extend below 

30m depth.  Similar  sections  at  19.7"s from the  same  survey  (not  presented) which 
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sampled  the  core of the  eddy revealed a surface layer of STW 200km offshore  leading to 

strong  salinity  anomalies  extending to 100 m depth. At  21"S, temperatures below 50 m 

were close to the fall average  conditions, while salinities  and  temperatures  between 25 

and 50 m were  fresh and cool (Figure 13), likely of SAW origin,  perhaps  carried  onshore 

along the  southern  flank of the  anticyclonic  eddy.  The  poleward flow along the coast at 

21"s (Figure 13) was not  part of a continuous  undercurrent  but of a southward  meander 

visible  in the  horizontal  geopotential fields. The T-S diagrams  corresponding to 21"Sin 

May 1998 (Figure  9)  continued  to  present  surface STW, the SAW relative  salinity 

minimum, a.nd a weak ESSW signature,  consistent  with  the  absence of poleward flow. 

Thus,  although the general  return to climatological  conditions  is  clear  in  May 

1998. the offshore and  northern  part of the  study region was dominated by a strong 

anticyclonic  eddy. -4 larger-scale  survey  (not  presented)  revealed a tongue of surface 

STW extending  southeast  along  the  Peruvian  coast  (Blanc0 et 01. 1999a). The  eddy in 

the  northern  part of Figure 12 is part of a larger  and  stronger  eddy  centered  to  the  north 

of the  study region (- 18"S, 72"W) which appeared  to  be  in  the  process of separating 

from  the  tip of that  tongue. 

The IFOP survey  in  August 1998 found  normal SST over most of the  study 

area.  Nearshore SST and  salinities were low (by  1-2"Cand 0.1-0.2 psu)  due  to  strong 

upwelling. Positive  salinity  anomalies  in  the  northwest  corner  dropped  to  about 0.1-0.2 

psu. T-S curves  from  August 19% along 21"s indicated no salinity values above 35.0, 

a large  volume of S.AiV, and a weak presence of ESS\.\' (Figure 9 ) .  Finally, a cruise i n  

December 1998 found no sign of the  warm,  salty  patch in the  northwest. 
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4. Discussion 

Comparison to 1982-1983 

Anomalies  in  sea  level  and SST (Figure 3 )  as well as of temperature with depth 

(Figure  2)  in  the 1997-1998 El Niiio off northern  Chile were similar  in  magnitude 

to those in the 1982-1983 event.  The El Nifio of 1986-1987 was weaker  and  that of 

1991-1992 shorter  in  duration.  Both  the 1982-1983 (Huyer e t  al., 1987; Fonseca, 1985) 

and 1997-1998 El Nifio events  consisted of two  distinct  sea level maxima  (Figure 3 ) ,  

although  the  seasonal  timing of the two  pulses  differed. If we consider  the  high  sea 

levels and  depressed  isotherms  during  December-January in  each  event  as  representative 

of the classic El Nifio timing,  the  'other'  pulse  arrived  afterwards  in 1982-1983,  while  in 

1997 the  'other'  pulse  arrived  earlier. 

Sampling off Iquique  during 1997-1998 (arrows  in  Figures 2 and  14)  and  the IFOP 

cruises  covering 18" -24"s captured  both  pulses  and  the  relaxation  periods.  During 

1982- 1983, the  sampling  at  Iquique was not  frequent  enough  to  separate  the pulses. 

However, IFOP cruises were carried  out in  April  and  December 1982, March,  May-June, 

August-September,  October,  and  December 1983 (Blanco  and  Diaz, 1985;  Kelly and 

Blanco,  1986).  In  -4pril 1982 conditions were similar  to  December 1996 and  March . 

1997,  i.e. cool and  fresh. East of 72"W the  temperature  anomalies were negative 

(-1°C ) ,  salinit,ies was low (<3 .5) ,  and  surface  geostrophic velocities  were equatorward. 

The  15"Cisotherm  at 20.5"Swa.s at 50 m  offshore  and shoaled toward  the  coast. In 

December 19S2. during  the first high  sea  level  pulse,  surface geostrophic  velocities were 
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strongly  poleward  from  Arica to  Antofagasta  and  the  15"Cisotherm was depressed to 

100 m offshore and  to 150 m  at  the  coast.  Temperature  anomalies  exceeded 3°C east of 

73"W in the  north  and  72"Win  the  south.  Salinity was greater  than  35.3  offshore  north 

of Iquique  and values below 35.0 were  only found  south of Antofagasta.  Conditions 

in  December 1982 resembled  those of May  1997, though  more  extreme.  During  the 

relaxation  in  March  1983,  the 15°C isotherm off Iquique was between 50-100 m ,  shoaling 

toward  the  coast  and  surface  geostrophic  velocities were equatorward. SST anomalies 

of 4"Cextended as far  south as Antofagasta.  Surface  salinities were 35.6 offshore of 

Iquique  and  35.3  at  Antofagasta.  March 1983 was comparable,  with  stronger  anomalies, 

to August 1997. The second  sea level maximum in May-June 1983  was accompanied 

by a deepening of the  15"Cisotherm at Iquique  to 100 m.  The  survey revealed 

that surface  geostrophic velocities were poleward,  temperature  anomalies  exceeding 

6°C north of 20"s and 4°C  north of Antofagasta,  and  patchy  salinities (35.3-35.6) north 

of Antofagasta.  These  conditions were comparable  to  those  found  in  December 1997. 

IFOP surveys off northern  Chile  from  August 1983  onward  found  generally  equatorward 

surface  geostrophic  velocities  and  isotherms at normal  depths.  Positive  anomalies  in 

both  surface  temperature  (1-2°C)  and  salinity  (0.3  psu)  persisted  in  the  northwest 

corner of the  study  area  until  about  June 1984. Thus,  the  evolution of hydrographic 

conditions  during the 1982-1983 El Niiio was similar  to  that  encountered in  1997-199s. 

In the 1997-1998 El Niiio oxygen concentrations were a,bove normal  at  the  coast, 

as seen in the  deeper  than  climatology  1 ml 1" oxygen  isopleth ( < l o 0  m )  during  the 

surveys in May, December 1997, and  hlarch  199s  (Figure  8).  The  depressed oxygen 
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minimum  can  be  explained by the increased  volume of STW and  the  presence of SAW 

at  mid-depth  despite  intensified poleward flow. Escribano  (1998)  observed  increased 

oxygen concentrations  concurrent  with a sudden  increase in temperature  in  the  upper 

80  m  in  May  1997 in a bay north of Antofagasta.  By  contrast  Fonseca (198.5) reported 

anomalously low oxygen  concentrations  in  December 1982, both at the surface  [slight) 

and  at 100 m  (anomalies of 0.6-1.2 ml 1-l); the  largest  anomalies  occurred offshore and 

to  the  south. Fonseca  (1985)  inferred that  the decreased  oxygen  concentrations were due 

to enhanced  transport  in  the  undercurrent,  as  the low oxygen requires a northern  origin. 

This is consistent  with  the  increased  volume  and shallower position of warmer ESSW 

water seen in  the T-S diagrams  corresponding to  December 1982 through  December 

1983 (Blanco  and  Diaz,  1985). Likewise the influence of SAW in 1982-1983 appeared  to 

be less than  climatology  except  towards  the  end of the event  (September  1983 or later). 

Cruise data  indicate  that  the  nearshore oxygen minimum was deeper  than  usual  in 1982 

and 1983 (Kelly  and  Blanco,  1984). Morales et  al. (1996) reported  that  the layer of 

low dissolved  oxygen (<1 ml 1-') was shallower during cold or La Nifia years, which is 

consistent  with  the  observations  from May 1996 through  March 1997 (Figure 8). 

The role of CTWs in the observed  hydrographic changes 

The  initial rise  in sea level during  the 1997-1998 El Nifio appears  to  have  propagated 

poleward with  the  appropriate  speed for a CTW. The  same is true of other  shorter  period 

disturbances,  including  the  more  transient  llarch  sea level rise.  However,  conditions 

found  during  and following the pulses off northern  Chile differed from  the  observations 
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of  Shaffer e t  al. (1997)  in 1991-1992 in  which the waves showed an  approximate  period 

of 50 days  and a 50km  offshore  decay  scale  for  velocity. The poleward  currents  in May 

and  December 1997 (Figures 10 and 11) extended  much  further  offshore  than 50 km 

and  the May  velocity  maximum was displaced  from the  coast,  unlike  the  theoretical 

wave structure.  The  period  suggested by the  isotherms off 20.5"s (pulses of 3-4 months, 

separated by 2-3 months) is much longer than 50 days  and  more  like a semi-annual 

period,  although  there  may  be 50-day  signals that were not well sampled.  From  theory 

(Gill and  Clarke,  1974), we expect  the  coastal  ocean  to  adjust  its  circulation  in  response 

to  changing  forcing  through  the  propagation of a series of CTWs of higher  and  higher 

modes.  The  arrival of the high sea  level in h4ay 1997 would be  the  first of these  modes, 

beginning  a  process  in which the regional  circulation off northern  Chile was modified 

for periods  longer  than  those of the waves (the two  sea  level maxima  and large-scale 

poleward  flow). The severe  displacement of the  isotherms  and  isohalines  within 50 km 

of the coast off Iquique  in  the  December 1997 transects  (Figures  6a  and 7a) may  include 

the  signature of a passing low frequency CTW, associated  with  poleward flow and high 

sea levels. 

During  the  periods of persistent  poleward  velocities,  water  with STW characteristics 

was advected  southward  and  onshore  thus  changing  water  properties off northern  Chile 

over a period of several  months. The  gradual shift in water  mass  properties,  compared 

to the  rapid  increase in sea level and  depression of isotherms, is seen  in the increased 

anomalies of t,emperature and salinity between sea level maxima  from May to December 

1997. Velocities of 20-35 cm s-l (Figure 11) over a month  correspond  to  displacements 
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of .500-900 km (5" -9" of latitude).  These  velocities  are  comparable  to  those  measured 

over periods of 2  months at the  onset of the 1982-83 El Kiiio off Peru  (Smith, 1983). 

The  relaxation  velocities  (equatorward following the sea  level maxima)  are  only one-half 

to  one-third  as  large  (Figure 11). Assuming the lower estimate of velocity  and  that 

the velocities  lasted  for  two  months,  the  water  found off northern  Chile  at  the  end of 

the first  pulse would have  originated 1000 km to  the  north; it would have  traveled half 

that distance  north  during  the  relaxation,  and  then moved another 1000 km to  the 

south  during  the  second  pulse. With a net  displacement of 1500 km,  the  water  found 

off northern  Chile in March 1998, would  have a Peruvian  source  at  approximately 10"s. 

An equatorward flow  of 10 cm s-l would require  approximately 6 months  to  restore this 

water  to  its  original  position.  This is  consistent with observations  in  August 1998 that 

were  close to climatology. We take  this as the  simplest  explanations for the observed 

conditions off northern  Chile in  1996-1998. 

5. Conclusions 

1. Cool, La Niiia conditions  prevailed  in 1996: sea  level anomalies were moderately 

negative off Peru  and weakly negative off Chile.  Surface temperatures  and  salinities 

in the region,  and  to 100 m  at 21"s were cool and  fresh.  The  circulation was 

generally  equatorward at the surface  and weakly  poleward at 200 m.  Equatorward 

currents in the 100 km  nest to the coast are  consistent  with  an  increase in S.4W 

and a decrease  in ST\\'. 
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2. In  March  1997,  May-July  1997,  and  October-February (1997-1998), pulses of high 

SST and  sea level propagated  from  east  to west along the  equator  (Chiivez e t  al., 

1998).  High  monthly  sea level  anomalies  along the  South  American  coast  extended 

to 37"s in  May-July  and  October-February. 

The pulse of sea level  in  March 1997 was visible  in the  daily  sea  level  records 

(not  presented)  though  not  in  the  monthly  averages.  Deeper  isotherms  and a 

2°C temperature  anomaly were  observed  in the  upper 50 m  at 20.5"s. 

3 .  During  the  two  sea level maxima,  the  deepened  isotherms led to positive 

temperature  anomalies of 4-6°C to 50-150 m  depth  and of 2'C down to 400 m. 

The  hydrographic  surveys show strong (20-35 cm s") poleward flow extending 

through  the  water  column  beyond 400 m.  Both pulses  were  followed  by weaker 

(10 cm s") equatorward flow. 

4. The alongshore  wind  remained  upwelling-favorable  (equatorward)  throughout the 

study  period.  Continued upwelling nearshore is reflected  in the  water  properties. 

In  the  north  and  center of the region,  alongshore  winds  were  weaker than usual 

(though  still  upwelling-favorable)  during  the first  sea  level maximum  and  may 

have  contributed  to  that  signal  and  the weaker relaxation. 

5. The  water mass properties  during  the  sea level  peaks  correspond to unmodified 

ST\\* near  the  surface and increased  temperature in ESSW below 100 m ,  consistent 

with  the  enhanced poleward flow. Increased  onshore flow in the  northern  part of 

the region is reflected in a layer of S.4W between 75 and 150 m that reaches  the 
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coast  in March 1998. 

6. Although  the  timing of sea  level maxima  at  the  equator  and  along  the  South 

American  coast is  consistent  with CTW propagation,  the  isotherm  oscillations  at 

Iquique  suggest a period  much  longer than 50 days  and  the offshore structure of 

the velocity  did  not  conform to  that of CTWs. We propose that the  sudden  sea 

level  changes and  strong  poleward  velocities reflect the  propagation of a series of 

higher  mode  CTWs. 

7. The  water  mass  properties  became progressively more  modified  after  the  initial 

pulse  in  May  1997.  This was a consequence of the  advection  STW  and ESSW into 

the region during  the  periods of persistent  poleward flow and  their  removal by the 

weaker northward  transport  during  the  relaxation  and  recovery  periods. 

8. By  May  1998, flow  was again  equatorward  next  to  the  coast  and SST had  returned 

to  the  climatological  mean over  much of the region.  Salinity  remained  anomalously 

high  offshore and at 19.5"s at the  coast,  associated with an  anticyclonic  eddy.  This 

eddy  appeared  to  be a remnant of the  thick layer of STW that moved  southeast 

. during  the El Niiio  pulses. 

9.  Between  August  and  December  1998,  anomalous  conditions  disappeared.  Thus 

warm El Niiio conditions were  observed off northern  Chile  for  approximately 1-1.5 

vears. 

10. Hydrographic  conditions evolved during  the 1982-1983 El Kiiio in a  similar fashion 
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than  in 1997-1998, although  anomalies were larger  in 1982-1983. April 1982 

conditions were comparable to  December 1996 and  March 1997. The first sea level 

maximum  in  December 1982 was similar  to  that in  May 1997. The observations for 

the relaxation  in  March 1983 correspond to  those of August 1997. The second  sea 

level peak  in  May-June 1983 was comparable  to that observed  in  December 1997. 

In  both  events  positive  surface  anomalies  were  more  persistent  in the northwest 

where  they  remained  until  June 1984 (August 1998). 
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Figure 1. Map of study region, transects, and stations for  hydrographic  cruises. The coastal 

time series was carried out off Iquique at 2O.rj'S. 

Figure 2. (a) Time-latitude plot  of  monthly sea surface height  anomalies  from coastal tide 

gauges  along the west coast of South American (locations at the  right) from  1980-1996. Plus 

and minus indicate the sign of the anomaly; (b) time-depth plot of temperatures 10 km oRshore 

of Iquique. Sampling is indicated by arrows. 

Figure 3. (a) Monthly anomalies of sea level and  SST at Arica and Antofagasta, and alongshore 

wind  speed at Iquique  for  1980-1998; (b) Monthly anomalies of the  same variables  for  1995-1998 

from all three  stations. 

Figure 4. (a) SST from  May  1996 through March  1998; (b) Anomalies of SST. 

Figure 5 .  (a) Surface salinity from  May  1996 through March  1998; (b) Anomalies of surface 

salinity. 

Figure 6. (a) Cross-shelf temperature distribution along the  transect at 21"s (Pta. Lobos)  from 

May  1996 through March  1998; (b) Cross-shelf  vertical distribution of temperature anomalies. 

Figure 7. (a) Cross-shelf  vertical salinity distribution along 21'Sfrom May  1996 through 

March  1998; (b) Cross-shelf  vertical distribution of salinity anomalies. 

Figure 8. Cross-shelf  vertical distribution of oxygen concentrations along 21"s from May  1996 

through March  1998. 

Figure 9. Temperature-Salinity diagrams for all stations along  21'Sfrom May 1996 through 

August 199s. 

Figure 10. (a) Geopotential anomaly at 0/500db from  May  1996 through March  1998; (b) 

Geopotential anomaly at 200/500db. 

Figure 11. .4longshore  geostrophic  velocities  relative to 500db along the section at 21"s. 

Figure 12. May  1998.  Top: SST, surface salinity, geopotential anomaly (0/500). Bottom: 

SST anoma,ly. surface salinity anomaly, geopotential anomaly (200/500). 
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Figure 13. May 1998 sections a t  21"s of temperature, salinity,  geostrophic  velocity  relative to 

500 db ,  salinity  anomaly,  temperature  anomaly,  and oxygen. 
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